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DETERMINING THE PRESENCE OF SECULAR CHANGE USING 
GEOMETRIC MORPHOMETRICS: AN ANALYSIS OF THE CRANIOFACIAL 
 MORPHOLOGY IN SOUTH AFRICAN EUROPEAN MALES OF THE  
RAYMOND A. DART AND PRETORIA SKELETAL COLLECTIONS 
CARISSA ANGELA FU 
ABSTRACT 
The use of geometric morphometrics (GM) in physical anthropology has 
increased markedly over the recent years. In current studies of secular change, 
anthropologists have more frequently turned to this technique as it provides scientists 
with a powerful tool for shape analysis. Secular change is defined as changes in the 
skeletal biology, usually seen in a population, resulting from shifts in living standards or 
exposure to a new environmental factor over a short timeframe (Jantz and Meadows 
Jantz 2000; Weisensee and Jantz 2011). Studies conducted in Europe, Asia, and the 
United States have shown significant signs of secular change in craniofacial morphology. 
This thesis will utilize GM analyses of 57 craniofacial landmarks from 313 individuals to 
determine secular change in the European male populations of the Raymond A. Dart and 
Pretoria Skeletal Collections located in Johannesburg and Pretoria, South Africa, 
respectively, with birth years ranging from 1850 to 1956.  
Craniofacial data points were collected using a 3D Microscribe digitizer, upon 
which the Generalized Procrustes Analysis (GPA) was used to align all landmarks into 
one coordinate reference plane. In order to determine the presence of shape change, a 
Principal Components Analysis (PCA) was run on the Procrustes coordinates of all 
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individuals. Then, a multivariate regression of shape score on year of birth was 
conducted to determine the magnitude of change as explained over time. Following the 
multivariate regression, various Canonical Variates Analyses (CVA) were performed to 
determine whether secular change was occurring. In addition to collecting metric data, 
ultimate and proximate causes are explored to provide a more holistic understanding of 
the potential reasons for the changing or unchanging nature of the crania in the 
ancestrally European South African population. This study hypothesizes these collections 
will exhibit craniofacial secular change resulting from greater exposure to increased 
nutrition over time, greater access to healthcare, and socioeconomic and political 
stability. Additionally, genetic factors could be affecting the development of the crania 
through time.  
As many studies use the Dart and Pretoria collections in tandem to understand 
population-specific traits of modern South Africans, the presence of secular change will 
greatly affect the way researchers utilize samples for their studies. Forensic 
anthropologists study collections to create better estimations for elements of the 
biological profile such as stature, age, and sex. However, failure to take into account 
secular change would provide erroneous results. This study provides answers regarding 
the need to account for secular change if necessary. 
This research indicates that there are some changes occurring in the craniofacial 
morphology as see by the PCA, but the results of the CVA indicate that this is not 
necessarily due to secular change. The results do not clearly indicate the presence of 
secular change. There are many possibilities dictating potentially why.  
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The first possibility is that there are small changes occurring in the craniofacial 
morphology; however, this is not caused by secular change. There are other variables, 
potentially genetic, that are influencing these slight changes that we see. Despite other 
nations with similar economic development trajectories experiencing a definite presence 
of secular change, the unique history and population structure of European South 
Africans could be contributing to the lack of secular change present. Another possible 
reason is the lack of passage of time from the industrialization of the nation.  
Furthermore, there is potentially not enough data tested to warrant a reliable conclusion 
that secular change is or is not occurring. With the cranium, the possibility exists that a 
minimum threshold of specimens is needed in order to have a reliable conclusion.  
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CHAPTER 1: INTRODUCTION  
Secular change, also commonly referred to as secular trends, has become a more 
widely explored subject in physical anthropology. This increased attention is attributable 
to studies initially conducted by Franz Boas, who is often referred to as the Father of 
Physical Anthropology. In the early 20th century, Boas demonstrated significant 
differences in stature between European immigrants to New York City and their 
subsequent generations born and raised in the United States (Boas 1912; Little and 
Kennedy 2010). Since then, scholars have developed greater interest in understanding 
secular change, simply defined as biological responses to a changing environment over 
time, particularly studying trends in weight, stature, and shape from over the past 200 
years (Cameron et al. 1990; Gordon and Greiner 1993; McKeown and Schmidt 2013). 
Researchers of these particular studies observed an association between environmental 
influences like nutrition, diet, sanitation, etc. and changes to the skeletal biology of a 
population as a response to these influences.  
Craniofacial morphology consists of physical variables making it a polygenic 
quantitative trait as it represents a gene-environment interaction (Buikstra et al. 1990; 
Relethford 1992; Spradley 2006). This means that craniometric analysis is useful in 
discerning how humans adapted to their environment, more specifically through 
understanding the biological relationships between and among groups (Howells 1973; 
Relethford 1994; Relethford 2001; Spradley 2006). Therefore, many scientists have 
recently turned their focus to studying secular change in craniofacial morphology as 
opposed to postcranial skeletal elements (Jantz and Meadows Jantz 2000; Weisensee and 
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Jantz 2011; Wescott and Jantz 2005). Research demonstrates that over the past few 
centuries, notable changes have occurred in the cranium. These changes include 
increased cranial vault height and changes in cranial vault width in White and Black 
populations of the United States (Jantz 2001; McKeown and Schmidt 2013). 
Unfortunately, little research on craniofacial morphology has been conducted outside the 
United States to aid in the understanding of secular change on a more global scale. Some 
of the main reasons for this lack of international research relates to the limited access to 
and lack of skeletal collections for research as well as the lack of professionalization or 
standardization of the field in other nations.   
Forensic anthropology predominantly developed within the U.S. with cases 
shedding light on the need for understanding skeletal biology in a medicolegal context. 
This eventually led to the establishment of the American Board of Forensic Anthropology 
in 1977 to aid in legal investigations through the application of osteological knowledge 
(Little and Kennedy 2010). Since the formal establishment within the U.S., many other 
nations have begun developing this subfield of physical anthropology such as the United 
Kingdom, Columbia, and France to name a few. One of the most important developments 
to aid in the further advancement of the field is the creation of skeletal collections of 
modern human populations for research. South Africa, the most ethnically diverse 
country on the African continent, has become one of the foremost nations in the 
production of research due to world-wide use of their two modern human skeletal 
collections: the Raymond A. Dart Skeletal Collection located at the University of 
Witwatersrand in Johannesburg and the Pretoria Skeletal Collection located at the 
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University of Pretoria in the administrative capital city of the same name. 
Along with the establishment of these skeletal collections in South Africa came an 
increased demand for research to create population-specific standards. The idea of 
population-specific standards is not novel as modern human variation precludes the use 
of a single population as a standard for all. Thus, research conducted on. Samples in the 
United States and the results from those studies cannot be translated for use in the South 
African context. Additionally, many current standards in forensic anthropology are based 
on older reference skeletal samples. This proves to be problematic when researching 
about modern human populations as these standards and reference collections fail to 
reflect current conditions. One of the main issues driving the need for population-specific 
standards is the phenomenon of secular change as it is affecting the overall body size of 
individuals, and thus populations. Genetic and/or environmental differences are strongly 
influencing the human skeleton which makes estimation of target samples different from 
these reference samples, even if they belong to the same population. L'Abbe and Steyn 
(2012) argue that with rapid globalization, within- and between-group variations are 
subject to change. Therefore, continual growth, maintenance, and use of skeletal 
collections are needed as secular trends are undeniably affecting the human skeleton at a 
more rapid rate. 
Relative to other nations, South Africa has been a center for various research topics 
with a strong focus on aspects of the biological profile such as ancestry, sex, age, etc. 
(Bidmos and Asala 2005; L’Abbé et al. 2011; Oettlé et al. 2009; Tobias 1985). Research 
on secular change and trends in the United States can only be used to infer potential 
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changes in the skeletal biology of South Africans. Some research related to secular 
change has been conducted on modern day South Africans, but predominantly research 
has focused on postcranial changes (Bidmos and Asala 2005; Hawley et al. 2009; 
Henneberg and Berg 1990).    
The current study utilizes geometric morphometrics on two modern South African 
skeletal collections: The Raymond A. Dart and Pretoria skeletal collections in order to 
quantify potential changes in craniofacial morphology of a specific subset in the South 
African population born throughout the 19th and 20th centuries. All data was conducted in 
South Africa at the University of Witwatersrand and the University of Pretoria over a six-
week period from July to August 2013. Initially, sixty-seven (67) landmarks were 
digitized on 334 male European South Africans suitable for statistical analysis. When 
formatting the data for shape analysis, it was determined that some individuals did not 
have a sufficient number of landmarks to be included in the analyses. The final number of 
individuals for this study totaled 313 specimens. Additionally, some landmarks were not 
present on enough individuals and were thus removed from all individuals. The final 
number of landmarks used for analysis is 57. Due to the plethora of literature in other 
nations like the United States, Europe, and Japan (e.g. Hossain et al. 2011; Jantz and 
Meadows Jantz 2000; Malina 2004) highlighting changes in craniofacial morphology 
over the past few centuries, it is hypothesized that the same phenomenon is also 
occurring in the South African context.        
This thesis specifically addresses the following research questions:  
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1. Are changes occurring in the craniofacial region of the White European South 
African males of the Raymond A. Dart and Pretoria Bone Collections? 	  
2. If so, how are these changes manifesting themselves in the cranium? 	  
3. If changes are occurring, can they be attributed to secular change? If they are not 
occurring, why are these changes present? What are the potential proximate and 
ultimate causes for changes in craniofacial morphology?          	  
This chapter introduced the impetus for studying secular change in South Africans, 
the main research questions, and the hypothesis. Chapter 2 serves as a literature review, 
highlighting various studies conducted in South Africa, the most relevant research on 
secular change, and the use of geometric morphometrics thus far in the field of physical 
anthropology to provide the necessary framework in understanding the need for this 
particular research. Chapter 3 provides information about the skeletal collections, the 
specifics of the sample size and digitized landmarks, and the methodology used to 
derive the necessary information to conduct the proper statistical analyses. Chapter 4 
summarizes the important results of the study. Chapter 5 discusses the potential 
ultimate and proximate reasons behind the results by looking into the environmental 
and genetic factors that could be contributing to the phenomenon, if occurring. 
Additionally, major conclusions of this research, limitations, improvements, and future 
research to build upon this current study are highlighted.  
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CHAPTER 2: PREVIOUS RESEARCH  
This chapter focuses upon three main sections to assist in providing a holistic 
understanding of the research questions. Firstly, a brief history of European immigration 
to South Africa will be provided. The European community continues to be an influential 
subpopulation in South Africa which begs the need for an understanding of how this 
population originated. Secondly, this chapter will dive into a literature review of studies 
related to secular change to better understand this phenomenon in varying contexts. The 
presence of secular change has been recognized all around the world. A more in-depth 
discussion of different secular trends around the world and in South Africa will 
illuminate the importance of grasping these ongoing changes. Finally, there will be a 
section dedicated to the explanation of geometric morphometrics (GM). Geometric 
morphometrics may not be novel as traditional morphometrics has long been utilized by 
physical anthropologists in studies of skeletal biology; however, there have been 
numerous advancements to the application of GM and the use of multivariate statistics 
that make this methodology a robust, quantitative tool.           
 
Brief History of European Immigration to South Africa 
South Africa has a population of approximately 53 million people and 11 official 
languages (Statistics South Africa 2013), thus representing a highly diverse nation. There 
are an estimated 42.3 million Black Africans (79.9%) with 4.6 million Whites (8.7%), 4.8 
million Colored’s  (9.0%), who are defined by Oxford Dictionaries as a people of mixed 
ethnic origin speaking Afrikaans or English as their mother tongue, and 1.3 million 
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Indians/Asians (2.5%). The diversity of this nation can be attributed to the immigration 
that occurred predominantly during the 17th Century from Europe to the Cape Peninsula 
which is located on the southwest coast of the nation and juts into the Atlantic Ocean.  
  South Africa bodes a very long history of European immigration. Beginning in 
the 15th century, Portuguese mariners explored the west coast of Africa, and eventually 
in 1488, two ships under the captainship of Bartholomeu Dias rounded the Cape of Good 
Hope, traveling more than 600km along the southwestern coast of Africa. Soon after in 
1497, another expedition under Vasco da Gama opened a pathway for Europeans to 
directly access the spices of the East without the need to go through Arab middlemen. He 
sailed the east African coast to the Arab port of Malindi (in present-day Kenya) and then 
crossed the Indian Ocean to India. Throughout the 16th Century, the Portuguese 
dominated this trade route (Byrnes 1996).  
  Towards the late 16th, early 17th Centuries though, English and Dutch merchants 
challenged the monopoly the Portuguese had in West Africa and Asia. They saw that the 
Cape Peninsula had valuable resources such as fresh water, meat, and timber which could 
be obtained through trade with the local Khoikhoi, who were a local pastoralist group, 
often commonly referred to as the Hottentots (Singer and Kimura 1981). Finally in 1652, 
the Dutch East India Company (Verenigde Oostindische Compagnie - VOC) established 
a supply station on the Cape Peninsula. Jan van Riebeeck, the station commander, was 
instructed to build a fort in present-day Cape Town and obtain supplies of foodstuffs for 
Dutch fleets with his 80 company employees. The English did not enter this area at the 
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time because the government refused its mariners' requests to annex land here and create 
a base (Byrnes 1996; Immigration South Africa 2013).    
 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
 
Figure 1: Map of Present-day South Africa. Pretoria and Johannesburg are located in 
the northeast region of the country. Settlers first immigrated to present-day Cape Town 
(on the Cape Peninsula) which is located on the southwestern coast. Image from the CDC.  
 
  Van Riebeeck decided that slave labor was needed in order to do the hardest work. 
Instead of enslaving the Khoikhoi people for fear of retaliation, the Dutch brought men 
over from the Dutch East Indies, East Africa, Mozambique, Madagascar, and South and 
Southeast Asia. Many were brought from India, Ceylon, and the Indonesian archipelago. 
The importation of slaves continued until the British stopped the trade in 1807 (Byrnes 
1996).  
  In addition to the importation of slaves, the general European community began 
to expand. Throughout the late 17th Century the European settlement increased, especially 
after the VOC decided that a larger population was needed to boost agricultural 
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production. Incentives, such as free farms, were given to German and Dutch individuals 
and families to settle in the Cape. In 1688, several hundred Huguenots, who are members 
of the Protestant Reformed Church of France fleeing persecution by the Catholic French, 
were offered free passage to the Cape and grants of land. All of these settlers assimilated 
Dutch language and culture. By the end of the 17th Century, there were approximately 
1,500 Europeans in the Cape settlement (Byrnes 1996).  
  The same occurred throughout the 18th Century, with an increase in European 
population through internal growth and the continued importation of slave labor. By 1700, 
the approximately 3,000 Europeans and slaves increased by the end of the century to 
about 20,000 Europeans and 25,000 slaves. This is in addition to the existing 15,000 
Khoikhoi and mixed-race or Colored people who were also living within settlement 
boundaries. This European community developed a personality and consciousness of 
their own, creating a distinct community that settled permanently in South Africa and did 
not plan to return to Europe (Byrnes 1996). Due to founder's effect and likely admixture, 
South African Whites are osteologically distinct from their European counterparts 
(McDowell 2012). Additionally, the fluctuating environmental conditions of the nation 
within the past couple 150 years could also have contributed to the changing skeletal 
biology of these populations.  
  The discovery of gold in 1886 in Witwatersrand, Johannesburg fundamentally 
changed the course of history for the nation. Prospectors, laborers, immigrants, fortune 
hunters, shop keepers, etc. came from all over the world to Johannesburg. As a result of 
the influx of immigrants, residential areas were quickly constructed; and in the poorer 
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regions, slums developed. Racial mixing became a constant feature of these slums. As an 
attempt to stop this racial mixing, policies and laws of separation, which grew into the era 
of Apartheid (1948-1994), began (Apartheid Museum). Apartheid created an extremely 
unequal and inefficient system of government (Livelihoods 2008). Along with the change 
in government came socioeconomic changes which caused a major shift in environmental 
conditions for all who lived during this era.  
	  	   With the end of Apartheid came the opportunity for the nation to restructure itself. 
Specifically cities like Johannesburg and Pretoria were able to transition from a divided 
city into a more inclusive one. However, with the end of this era came a backlog of basic 
services and infrastructure in poorer areas. Citizens of these cities still face human 
development issues such as poverty and unemployment, urban violence, insecure housing 
tenure, a high prevalence of HIV/AIDS, chronic diseases and food insecurity 
(Livelihoods 2008). It is these environmental shifts that serve as important contributing 
factors to the phenomenon of secular change.	  
	  
Secular change  
Simply put, secular change refers to changes in the skeletal biology, and when 
one discusses secular trends, they refer to these changes occurring over a rather short 
timeframe. Typically, scholars state that these physical changes are a biological response 
to environmental influences (Cameron et al., 1990; Garn 1987; Gordon and Greiner 1993; 
Hauspie et al. 1996; Truesdell 2005). Research often talks about positive secular change 
which is normally associated with improved socioeconomics, better health care, and 
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nutrition (Fredricks et al. 2000; Hauspie et al. 1996; Loesch et al. 2000; Malina 2004). 
However, many scholars also emphasize that genetic factors cannot be discounted in the 
discussion (Henneberg and van den Berg 1990; Jantz 2001; Moore-Jansen 1989; 
Spradley 2006; Weisensee and Jantz 2011).  
Over the past 100 years, significant secular changes of body height and different 
body and craniofacial proportions were noted around the world (Casado de Frias 1999; 
Castilho and Lahr 2001; Cole 2000; Danubio et al. 2003; Fredriks et al. 2000; Gyenis and 
Joubert 2004; Hauspie et al. 1996; Hoppa and Garlie 1998; Hossain et al. 2005; Jantz and 
Meadows Jantz 2000; Kondo et al. 1999; Kouchi 2000;  Padez 2003; Sanna and Soro 
2000; Singer and Kimura 1981; Smith et al. 1986; Zellner et al. 1999). Secular changes 
have been documented in the overall bodily form, including height and weight, and can 
be either positive or negative (Boldsen 1995; Cameron et al. 1990; Garn 1987; Jantz 
2001; Wescott and Jantz 2005).  
The most famous study that first brought the topic of secular change to light was 
Franz Boas' mega-study on physical body changes of European immigrant descendants in 
New York City. From 1908 to 1910, Boas had a team of anthropometrists measure nearly 
18,000 European immigrants and their children in order to determine the effect of a new 
environment on the body. In addition to discovering differences in stature, Boas found 
differences in the cranium in foreign-born and American-born children of immigrants. It 
was this that instigated the concept of cranial plasticity. Boas described this phenomenon 
as a factor predominantly shaped by environmental influences that affect the growth and 
development of the cranium. Gravelee et al. (2003) states Boas' study is the first 
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"authoritative statement" on the nature of human biological plasticity and aided in 
debunking scientific racism that was permeating throughout the field of physical 
anthropology at that time. This landmark research opened the gates to exploring the topic 
of secular change in various populations and expanded the focus of the study to different 
parts of the body.  
  Another pivotal study related to secular change of more recent origins was 
conducted on White and Black Americans by Jantz and Meadows Jantz in 2000. They 
investigated five craniofacial variables to examine secular change in morphology from 
the mid-19th Century to the 1970s. The Terry Collection and Todd Collection were used 
as the 19th Century population sample, and the Forensic Data Bank from the University of 
Tennessee, Knoxville (UTK) for the 20th Century population. Their results indicate 
significant changes in the size and shape of the cranial vault which they attribute to its 
early development in life. The height has increased and has become longer and narrower. 
Face changes are less significant compared to vault changes but to a certain extent, the 
face has become narrower and higher. Shape changes in the cranial vault are greater than 
size changes. The magnitude of secular change in vault height surpasses that for long 
bones during a comparable period of time. They state that the changes in cranial vault and 
postcranial bone length are following a similar course which suggests that they respond 
to the same forces. Similarly, Wescott and Jantz (2005) examined craniofacial secular 
change in the same White and Black American subpopulations. They used a large sample 
of 644 crania from both sexes and reconstructed 2D coordinate of 13 landmarks from 
Howells’ traditional measurements in the program Morpheus and found that most of the 
	  	  
13 
changes in the cranium occurred at the base whereas changes in the vault and face were 
minimal. They argue that changes are occurring in the cranial vault, but this is a 
consequence of changes predominantly manifesting first in the cranial base.  
  More recently, Shirley and Jantz (2011) demonstrated that in America, skeletal 
maturation is occurring at a much earlier age than previously recorded. In modern 
Americans, the clavicle which is the first bone to ossify yet last bone to fuse, transitions 
to fusion approximately 4 years earlier than early 20th Century Americans and 3.5 years 
earlier than Korean War era Americans. Once again, this drastic change highlights the 
importance of using modern standards to estimate age in modern individuals.   
 
Secular Change around the World 
  A study conducted by Shin et al. (2012) in Korea investigated secular changes in 
height. Utilizing Fuji’s equation derived from modern Japanese populations on the 
measurement of femora removed from 15th to 19th Century tombs, Shin and colleagues 
investigated the statures of historical Korean societies to show how this variable has 
changed over time. They derived the average heights of both males and females during 
that time and found that statures of these historical Koreans remained relatively 
unchanged through the end of the 19th Century. However, a sharp increase in stature 
occurred at the beginning of the 20th Century which mirrors that of many other nations. 
This difference in stature reflects the relative isolation of the Koreans during the Joseon 
era and rather late onset of modernization (end of 19th Century) and later occurrence of 
industrialization (during the 1960s).  
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In Croatia, a study conducted on living individuals also shed light on the presence 
of secular change in neurocranial variables as a positive secular change in stature had 
already been documented. Buretic-Tomljanovic et al. (2006) investigated first year 
students at the University of Rijeka School of Medicine born between 1974-1986 with a 
gap from 1977-1981. They discovered a significant increase in head circumference of 
female students. Also, the height and length of the head in both sexes increased slightly 
whereas facial breadth had no significant change.  A correlation analysis revealed a low 
to moderate relationship between vertical and longitudinal craniofacial measures and 
stature.   
Another important study for the current project was conducted by Weisensee and 
Jantz in 2011. They examined patterns of secular change in cranial morphology in the 
New Lisbon collection which is a documented skeletal collection in Portugal with birth 
years ranging from 1806 to 1954. Weisensee and Jantz (2011) state that during this time, 
Lisbon underwent increased urbanization and population growth. They investigated 
changes in cranial morphology over the entire timeframe using three-dimensional 
geometric morphometric methods. Their results indicate significant changes, particularly 
in the cranial base, similar to the patterns observed in the United States, Europe, and 
Japan. They argue that declines in childhood morbidity and mortality are important 
factors related to these changes.    
   Finally, in South Africa, Hawley et al. (2009) investigated secular changes in 
skeletal maturity of urban South African adolescents between 1962 and 2001. They 
collected data from the Pretoria National Nutrition Survey and compared this with a cross 
	  	  
15 
sectional survey of living children from Johannesburg. They assessed skeletal maturity 
using the Gruelich-Pyle technique and discovered that White males and females in 2001 
had an advanced skeletal maturity compared with their 1962 counterparts by an average 
of 3.4 months and 2.0 months, respectively. Also, the skeletal maturity of Black males 
and females in 2001 were much more significantly advanced compared to their 1962 
cohort by an average of 9.7 months and 15.8 months respectively. Hawley and colleagues 
postulated that the significant increase in maturity for young Black children could be a 
reflection of the removal of growth constraints.      
 
Growth and Development of the Cranium 
  
Skull shape is a complex trait, involving multiple genes and their interactions 
(Schoenebeck and Ostrander 2013). Understanding the development of the cranium 
provides important insights to factors that influence human variation. Research shows 
that a moderate and significant correlation between geographic or temperature distances 
and craniometric distances exists indicating that craniometric distances are partially 
shaped by gene flow (Relethford 2004; Roseman 2004). Natural selection plays a critical 
factor in shaping group differences in cranial morphology because there is a genetic 
component also in play. In Spradley’s Doctoral Dissertation in 2006 for the University of 
Tennessee, Knoxville, she discusses the concept of the heritability index stating that the 
heritability index of craniofacial traits is around 0.55, meaning that 55 percent of 
craniofacial morphology is genetic. This idea that there is a genetic component to 
craniofacial morphology had enabled researchers to use craniometric data to study 
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population diversity around the world (Relethford 1996, 2001a, 2001b, 2004a). 
Relethford finds that craniometric data behave much the same way as molecular and 
protein (genetic) data in regards to providing insight to world-wide human variation 
(Relethford, 1994, 2001a,b).   
  Copious amounts of research have been conducted by Dr. Dan Lieberman, Chair 
of the Harvard Department of Human Evolutionary Biology, on the development of the 
cranial base or basicranium. The cranial base, the ventral part of the cranium, is the most 
complex structure of the skeleton. Its main function is to protect and support the brain 
and to provide a platform for facial growth. Phylogenetically an ancient and conserved 
structure in the craniofacial skeleton, the cranial base has long been an interesting subject 
of research. The unique cranial base flexion in human beings and its pivotal position at 
the interface between the neurocranium and the face make it of particular interest to 
anthropologists as well (Lieberman et al. 1998). Studies related to the cranium are 
complex to say the least. His studies have shown that variations in the breadth and length 
of the cranial base are independent; however, maximum breadth of the cranial base has 
effects on overall cranial proportions potentially as a result of its interaction with the 
brain. These interactions, in turn, can affect the development of the facial shape 
(Lieberman et al. 1998).  
Additionally, Morimoto (2008) further argues that there is a need to better 
understand the pattern of human craniofacial development during the prenatal period in 
order to understand the emergence of variations during post-natal development. There 
appears to be a dramatic difference between the rate and appearance of shape change 
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during these two separate stages of development. Morimoto argues that the growth-
related changes are not a “continuous transformation,” but instead drastically different 
before and after birth. Interest in these research studies lie in the understanding of the 
relationship between the influence of genetics and environment. As secular change 
involves changes in the skeletal biology, primarily due to environmental factors, potential 
genetic or developmental influences cannot be ignored as they also represent an integral 
component to the foundation upon which these shape changes are occurring. 
 
Geometric Morphometrics 
Over the past few decades, geometric morphometrics (GM) has come more to the 
forefront of research methodologies due to its robust quantitative nature. Geometric 
morphometrics provide the field of biological anthropology a valuable means of 
understanding important questions and arriving at scientifically valid conclusions. This 
methodology refers to the "suite of methods for the acquisition, processing, and analysis 
of shape variables that retain all of the geometric information contained within the data" 
(Slice 2005). Powerful analyses of shape variation can be conducted utilizing this 
methodology because GM has the ability to remove size from shape analyses where size 
could be a confounding variable that is not of interest (McKeown and Schmidt 2012; 
Minetz 2008; Slice 2005).      
Before the introduction of GM, traditional morphometrics played a critical 
component in the methodology of physical anthropologists. Secular change was studied 
using the techniques of traditional morphometrics but as time progressed, geometric 
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morphometrics entered the game and provided scientists with a more rigorous 
methodology to acquire results. In order to understand the significance of geometric 
morphometrics on studying secular change, various assumptions, definitions, concepts, 
and statistical analyses will be briefly introduced in order to provide a solid foundation 
for the comprehension of this project. Readings to the primary sources will be provided 
for those who wish to further their knowledge on the topic. 
The most basic foundation of geometric morphometrics today is the concept of 
Kendall’s Shape Space. Simply put, Kendall’s Shape Space refers to the idea that “shape 
is all geometrical information that remains when location, scale, and rotational effects are 
filtered out of the object” (Kendall 1977). Therefore, there is a direct relationship 
between Kendall’s Shape Space and the use of Procrustes Superimposition which is a 
method that allows for such variables (location, scale, rotational effects) to be eliminated 
so that only shape can be meaningfully analyzed. Figure 2 below presents a step-by-step 
approach to the meaning behind using Procrustes Superimposition in order to obtain 
purely shape information regardless of nuisance variables.  
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Step 1: Original Configuration   Step 2: Scaling to the same size 
  
 
 
 
 
 
 
 
Figure 2: Understanding Procrustes Superimposition. This diagram represents the 
main steps of using Procrustes Superimposition to scale samples for shape analysis. First, 
all landmark coordinates are scaled to the same size, then translated to the same location, 
and rotated to an optimal fit. Images adopted from Klingenberg (2010) in Nature Reviews 
Genetics. 
 
 As demonstrated, size is not of interest in this research. The main variable of 
interest that needed to be acquired is shape. Shape refers to the “geometric proportions of 
an object that are invariant to location, scale and orientation” whereas size refers to “any 
positive, real-valued measure of an object that scales as a positive power of the geometric 
scale of the form” (Slice 2005). Additionally, Slice (2005) emphasizes that size is not a 
Step 3: Translation to the same location  Step 4: Rotation to optimal fit  
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variable of interest in studies of geometric morphometrics as it behaves differently in the 
presence of shape variation. Therefore, for the purpose of this research, size is considered 
a nuisance factor that is not considered in the overall analysis.  
 
Landmarks 
Landmark data is data based on two-dimensional or three-dimensional Cartesian 
coordinates of points. A landmark itself is “a point of correspondence on each object that 
matches within and between populations” (Dryden and Mardia 1998). According to Slice 
(2005), points on anatomical structures are a special set of distances as researchers aim to 
study the meaning behind these points, also referred to as landmarks.  
Generally speaking, there are two classifications of landmark. The first 
classification group defines landmarks by properties while the second classification group 
defines the each individual type of landmark. Under the first classification exist three 
groups of landmarks: anatomical, mathematical, and pseudo-landmark. Anatomical 
landmarks are “points assigned by an expert that corresponds between organisms in some 
biologically meaningful way.” Therefore, in this study, we are concerned with anatomical 
landmarks of the cranium. Under the second classification group, there are three separate 
categories of landmarks which are commonly described as Type I, Type II, or Type III 
landmarks codified by F. L. Bookstein (1991) and are defined below by Slice (2005): 
Type I landmark - A mathematical point whose claimed homology from 
case to case is supported by the strongest evidence, such as a local pattern 
of juxtaposition of tissue types or a small patch of some unusual histology. 
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Type II landmark - A mathematical point whose claimed homology from 
case to case is supported only by geometric, not histological, evidence: for 
instance, the sharpest curvature of a tooth. 
Type III landmark - A landmark having at least one deficient coordinate, 
for instance, either end of a longest diameter, or the bottom of a concavity. 
Type III landmarks characterize more than one region of the form. The 
multivariate machinery of geometric morphometrics permits them to be 
treated as landmark points in some analyses, but the deficiency they 
embody must be kept in mind in the course of any geometric or biological 
interpretation. 
Simply put, Type I landmarks are often described as juxtaposition of tissue 
landmarks; Type II as maxima or minima of curvature; and Type III as extremal points 
(Gunz et al. 2005). Type I landmarks are typically the most reliable landmarks to digitize 
followed by Type II, then Type III. In this research, all types of landmarks are utilized; 
however, whenever possible, Type I landmarks were chosen over the other two types due 
to the reliability of determining the location of the point and repeatability in digitizing.  
 
Geometric Morphometrics in Anthropology 
The use of geometric morphometrics in physical anthropology has increased 
considerably in recent years. A quick literature review of articles utilizing geometric 
morphometrics in the American Journal of Physical Anthropology (AJPA) reveals a 
staggering number of articles that utilize this methodology with a hit score of 298 articles 
and abstracts related to the topic.  
Considerable work discussing or employing geometric morphometrics to answer 
questions of morphological shape changes in physical anthropology includes work by 
Cole III (1996),  Wescott and Jantz (2005), and more recently, Garvin et al. (2014) to 
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name a few. Cole III (1996) discusses early anthropological contributions to geometric 
morphometrics. In this publication, Cole III mentions that in the early days, physical 
anthropologists utilized “registration systems” such as the Frankfurt Plane in order to 
provide a common frame of reference when studying sample variation. However, the 
arbitrary nature of this kind of framework drew much contention and studies that used 
“registration-free systems” in order to compare form became more popular. The idea of 
using such registration-free systems is to retain the geometric integrity of the organism 
while also eliminating the potential user-inherent bias when arbitrary registration systems 
are used. The earliest application of the use of registration free system was by Sneath 
(1967) through his application of Procrustes least-squares superimposition in a 
comparison of the cranial shape of great apes versus humans for both living populations 
and fossils. It was in his work where he first described the technique of scaling, rotating, 
and translating skulls into a common coordinate system for analysis. However, he gives 
credit to the even earlier work of Franz Boas (1905) and his student Eleanor Phelps (1932) 
for their use of superimposition techniques to study form and shape in their populations. 
Boas is quoted as saying, “the most favorable superposition of any two forms will be 
obtained when the sum of the squares of the distances between all pairs of homologous 
points becomes a minimum” (Cole III 1998). The main difference between the use of 
least squares superimposition by Boas and Sneath is the factor of size. Boas did not 
account for size differences whereas Sneath did. Nonetheless, these early technical 
applications laid the foundation for future uses of geometric morphometrics. 
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For instance, Wescott and Jantz (2005) assessed craniofacial secular change in 
American Blacks and Whites using geometric morphometrics utilizing 19th and 20th 
Century collections. They reconstructed landmarks based on Howell’s traditional 
measurements of 644 crania of both sexes. Nineteenth century materials came from the 
Terry and Todd Collections while 20th Century materials came from the Forensic Data 
Bank. They utilized a thin-plate spline regression program which first executed the 
Procrustes superimposition, resolved the coordinate space into 10 partial warps and two 
uniform components, and then they performed a multivariate regression of the partial 
warps onto a dependent variable when the independent variable was year of birth. Their 
results indicate that significant changes did occur in the craniofacial morphology of these 
populations. Secular change in the crania is predominantly concentrated in the base and 
posterior aspect of the skull. More specifically, lambda moved anterosuperiorly and 
basion moved inferiorly and posteriorly. Wescott and Jantz also obtained the principal 
component scores of the Procrustes residuals and used them to compute distances and 
canonical variates scores by birth year group and race. They found that Blacks and 
Whites are following along an approximately parallel course of secular change.   
Finally, a more recent paper by Holliday and Friedl (2013) utilizes geometric 
morphometrics on understanding variation of hominid humeral morphology. Their study 
looks at the relationship between humeral morphology with phylogeny and behavior. 
They utilize 3D landmark data to analyze various hominoid groups in order to examine 
the relative influence of phylogenetic history compared to locomotive adaptation of the 
humeral shape. The authors ran a Principal Components Analysis (PCA) of Procrustes 
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shape data from 19 Type II and Type III landmarks. Their results show that PC1 
separates groups of hominoids based on the humeral torsion (or lack thereof) and relative 
diaphyseal and epiphyseal breadth; and PC2 contrasts shafts that are posteriorly convex 
from relatively straight shafts.  
More importantly, research conducted utilizing geometric morphometrics is not 
limited to domestic scholars. Internationally, studies in Europe and Asia have also 
utilized this methodology to answer questions relating to secular change. For instance, a 
study published in 2002 by Hennessy and Stringer focus understanding the craniofacial 
form of four modern human populations: Eskimo/Inuit, African, Australian, and 
Romano-British. From Great Britain, the authors utilized the skeletal collections of the 
Natural History Museum, London to study these four regional groups: 29 Eskimo/Inuit, 
35 African, 35 Australian and 68 Europeans. To digitize their samples, they utilized a 
laser scanner developed by the Medical Graphics and Imaging Group at University 
College London. Through their study, they were able to detect general shape differences 
and discuss sexual dimorphism amongst and between the groups, albeit, with more 
advanced technological equipment compared to other similar studies.     
Another study conducted by international scholars is the work by Veleminska and 
colleagues (2013). This group hails from many nations including: Czech Republic, 
Mexico, Slovak Republic, and France. Their study tested the robustness of greater sciatic 
notch sex classification through geometric morphometrics and support vector machines 
using a Euromexican sample from the Maxwell Museum at the University of New 
Mexico and a Hispanic collection from the Universidad Nacional Autónoma de México 
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in Mexico City.  
Finally, another study utilizing geometric morphometrics to determine sexual 
dimorphism was conducted by South African scholars from the University of Pretoria. 
Pretorius et al. 2006 used geometric morphometrics to investigate the usability of this 
method by assessing three morphological characteristics: the greater sciatic notch, 
mandibular ramus flexure, and shape of the orbits. Methodologically, they used relative 
warps, thin-plate splines, and canonical variates analyses to determine the viability. Their 
results show that the greater sciatic notch proved to be the best indicator to separate the 
sexes. However, to their surprise, the orbits performed better than the ramus flexure. 
Some potential reasons for this to occur are that the orbits are more sexually dimorphic 
than previously understood or that geometric morphometrics does not accurately assess 
the biological reality of the orbits and mandibular ramus flexure.  
This thesis models the work presented in a recent publication in the AJPA by Drs. 
Katherine E. Weisensee and Richard L. Jantz (2011). Entitled, “Secular Changes in 
Craniofacial Morphology of the Portuguese Using Geometric Morphometrics,” Drs. 
Weisensee and Jantz are interested in understanding the patterns of secular change in the 
New Lisbon Collection of Portugal. This collection is comprised of individuals born 
between 1801 and 1975 and are derived from three of Lisbon’s largest cemeteries. For 
their study, three-dimensional landmarks were collected for 551 individuals, of whom 29 
were subadults, 260 were males, and 262 were females. Table 1 represents the 67 
landmarks that were digitized followed by Figure 3 which illustrates the wireframe 
generated from the digitized points.  
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Table 1. Landmark number, name, location, and defition according to Weisensee 
and Jantz (2011). 
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Figure 3. Wireframe created through MorphoJ illustrating the location of each 
landmark described in Table 1. Each numbered dot represents a specific landmark. The 
top image represents the cranium from the lateral view. The bottom image represents the 
cranium from the superior view.  
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Their study aimed to answer multiple questions. Firstly, were any significant 
changes occurring in the cranial morphology of the Portuguese population in a roughly 
150 year time frame? They did find this to be the case. Specifically, they noted that there 
was an increase in palate breadth, a decrease in facial breadth, and a more inferiorly and 
anteriorly placed region from basion to hormion. Recent environmental conditions have 
produced changes in cranial morphology of diverse populations similarly as indicated by 
studies reflecting similar patterns in other regions of Europe and the United States. The 
second question this research aimed to answer was whether allometry, or the study of the 
relationship between body size to shape, anatomy, and physiology (Snell 1892; 
Thompson 1917; Huxley 1932), had a “heterogeneous effect on cranial morphology and 
that variations occur in specific regions of the crania due to changes in the pattern of 
growth and development” (Weisensee and Jantz 2011). Results of their study rejected this 
hypothesis as the changes found where not associated with changes in centroid size. They 
conclude with the idea that the best answer to possibly explain the changes seen in the 
Lisbon Collection is developmental plasticity, which refers to changes in neural 
connections during development as a result of environmental interactions and neural 
changes caused by learning (West-Eberhard 2003).   
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CHAPTER 3: MATERIALS AND METHODS 
Overview 
 This research utilizes the crania of 313 male individuals of European descent from 
two South African skeletal collections. The Raymond A. Dart Skeletal Collection (Dart) 
and the Pretoria Skeletal Collection (Pretoria) are two of the most widely studied 
collections outside the United States (L’Abbe and Steyn 2012).  Of the 313 individuals, 
180 individuals were digitized from the Dart Collection and 133 individuals were 
digitized from the Pretoria Collection. The year of birth span for individuals from the 
Dart Collection ranged from 1858 to 1956 while individuals from the Pretoria Collection 
spanned from 1882 to 1954. Figure 4 represents a bar group highlighting the number of 
individuals born in each decade for the Dart and Pretoria Collections. 1850-1869 
represent two combined decades due to the low yielding number of individuals for each 
collection at five (5) from Dart and zero (0) from Pretoria. Most individuals were born 
between 1910 and 1919 with 87 total individuals.   
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Figure 4. Bar graph represents the number of individuals that fall into each decade 
of birth. Note, 1850-1869 is combined due to low number of individuals.   
 
Table 2 below represents the raw data. As indicated, there are a total of 313 
individuals digitized in this analysis of secular change.  
Table 2. Numerical representation of raw data from Figure 4.  
Decade of 
Birth 
Dart Pretoria 
1850-1869 2 0 
1870-1879 11 0 
1880-1889 23 2 
1890-1899 28 3 
1900-1909 32 10 
1910-1919 35 49 
1920-1929 20 39 
1930-1939 16 15 
1940-1949 11 11 
1950+ 2 4 
Total 180 133 
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The Raymond A. Dart Skeletal Collection  
The School of Anatomical Sciences at the University of Witwatersrand, 
Johannesburg houses the Raymond A. Dart Collection which is currently curated by Mr. 
Brendan Billings (Dayal et al. 1999). This collection originated from physical 
anthropologist Dr. Raymond A. Dart after a year-long visit to the Washington University 
School of Medicine in St. Louis, Missouri prompted the idea. Therefore in 1926, Dart 
who was the head of the Department of Anatomy began collecting skeletal material in 
order to teach osteology and gross anatomy. This collection now houses over 2500 
modern human skeletons of cadaver origin which is one of the largest cadaver-derived 
human skeletal assemblages in the world (Dayal et al. 1999; L’Abbe and Steyn 2012). 
Table 3 below represents the sex and population demography of the Dart Collection 
(Dayal et al. 1999). 
Table 3. Representation of sex and demography of the Dart Collection according to 
Dayal et al. (1999).  
 
 
     
 
 
 
 
There are a total of 2,605 individuals of which 1,840 are male, 756 are female, and 9 are 
unknown. Approximately, the collection is comprised of populations from SA African 
(76%), White (15%), Colored (4%), and Indian (0.3%) origins (Dayal et al. 1999).  
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 Of particular interest in this study are the crania of these individuals. Table 4 
below represents the number of available crania from the Dart Collection.  
Table 4. Representation of number of crania and mandibles available by sex 
according to Dayal et al. (1999). 
 
 
 
 
 
 
 
 
Mandibles were not analyzed in this research due to the lack of this element in the 
collection. Additional, there is a critical absence of key landmarks as a result of alveolar 
resorption and bone remodeling from old age thus distorting the shape of the mandible 
from any meaningful analysis. The table represents a healthy number of complete crania 
for analysis at 1,571 males, 679 females, and 5 unknown.     
 
The Pretoria Bone Collection  
The Pretoria Bone Collection is considered a typical representation of the modern 
South African population. Located in the Department of Anatomy at the University of 
Pretoria, this collection was officially established in 1987 and continues to annually 
receive donations and unclaimed bodies (L’Abbe et al. 2005). Table 5 below represents 
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the summary of skeletal elements from 2005 excluding postcranial elements in the 
Pretoria Collection.  
Table	  5. Summary of sex and demography representation for Pretoria Collection 
according to L’Abbe et al. (2005).  
 
Of interest is the number of complete skulls available for analysis. As of 2005, 
704 complete skulls of which 548 were male were present in the collection. As of 2012, 
however, the collection contains 1,135 complete crania, 816 postcrania, and 399 
incomplete remains. Annually, the collection grows approximately 40-50 individuals 
which will soon make it the largest modern skeletal collection in South Africa. Therefore, 
curators are hopeful of that this collection’s value will increase as more studies related to 
age-at-death and secular change can be conducted (L’Abbe and Steyn 2012).    
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Setup and Digitization  
The identical setup was used to analyze skulls from both the Dart and Pretoria 
skeletal collections during digitization. Three clay pillars at six inches tall and 1.5 inches 
in diameter were secured to a large plastic 2’x1’ platform. The anterior aspect of the skull 
was angled antero-superiorly at a 45 degree angle in order to access all the landmarks for 
digitization. The digitizer was placed to the left of the clay pillars and also positioned in 
such a way that all the landmarks could be accessed without movement of the cranium. 
Steven Ousley’s program 3Skull (Mercyhurst Archaeological Institute) was utilized to 
record all landmarks for each cranium. If the cranium or digitizer moved in any capacity, 
then the cranium was re-digitized starting from the beginning as all landmark data would 
be skewed incorrectly from the measuring coordinate point.   
Prior to the digitization of the landmarks, all landmarks that did not fall into the 
category of Type 1 landmarks were marked with a pencil for ease of digitization. 
Additionally, a mirror was placed in the middle of the three clay pillars in order to 
provide a clear image of the landmark opisthocranion as it is located in the posterior 
portion of the cranium and is very hard to locate without much visual assistance. Below 
are some figures representing common landmark locations on various planes of the skull.  
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Figure 5. Landmarks on the anterior plane of the skull (Moore-Jansen et al. 1994).  
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Figure 6. Landmarks on the lateral plane of the skull (Moore-Jansen et al. 1994). 
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Figure 7. Landmarks on the base of the skull (Moore-Jansen et al. 1994). 
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As illustrated, the landmarks on three different planes represent a majority of the 
landmarks that can be digitized. However, one aspect to consider when digitizing 
landmarks is the viability of digitizing all needed landmarks without moving the skull. 
Given the natural contour of the cranium and the potential difficulties in reaching certain 
landmarks depending on how the cranium is placed on the support stand, care must be 
taken to determine which landmarks should be digitized. Therefore, as much as possible, 
Type I landmarks were chosen over Type II, and Type II landmarks were chosen over 
Type III due to reasons already discussed related to the reliability of the nature of the 
point and its repeatability in digitizing.   
Table 6.  Digitized landmarks including number, name, location, type and definition.  
# Name Right/Left/ 
Midline 
Landmark 
Type  
(I, II, III) 
Definition  
1,2 Alare R/L II The most lateral point on the 
nasal aperture 
3,4 Asterion R/L I The point where lambdoid, 
parietomastoid, and 
occipitomastoid sutures meet 
5,6 Zygomatic Root R/L II The point on the lateral aspect 
of the root of the zygomatic 
process at the deepest 
incurvature 
7 Basion M III The point where the anterior 
margin of the foramen magnum 
intersects the midsagittal plane 
	  	  
39 
8 Bregma M I The point where the coronal 
and sagittal sutures intersect 
9,10 Dacryon R/L I The point of intersection of the 
frontolacrimal and 
lacrimomaxillary sutures 
11,12 Ectoconchion R/L II The most lateral point on the 
orbital margin 
13,14 Eurion R/L III The most laterally positioned 
point on the cranial vault 
15,16 Frontomalare 
Anterior 
R/L I The point where the 
zygomaticofrontal suture 
crosses the orbital margin 
17,18 Frontomalare 
temporale 
R/L II The most lateral point on the 
zygomaticofrontal suture 
19,20 Foramen Magnum 
Breadth 
R/L III The most lateral point on the 
margin of the foramen magnum 
21 Glabella M II The most anterior point on the 
frontal bone 
22 Hormion M I The point of attachment of the 
vomer and sphenoid bones 
23,24 Jugale R/L II The point in the notch between 
the temporal and frontal 
processes of the zygomatic 
bone 
25 Lambda M I The point where the sagittal and 
lambdoid sutures meet 
26,27 Mastoideale R/L II The most inferior, lateral point 
on the mastoid process 
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28 Metopion M III The point where the frontal 
elevation above the chord from 
nasion-bregma is greatest 
29 Nasion M I The point of intersection of the 
nasofrontal suture and the 
midsagittal plane 
30,31 Nasal Height 
Superior 
R/L I The point of intersection of the 
nasofrontal suture and the 
midsagittal plane 
32,33 Nasal Height 
Inferior 
R/L I The most inferior point of 
intersection of the 
nasomaxillary suture 
34 Opisthocranion M II The most posteriorly projecting 
point on cranial vault 
35 Parietal Subtense 
Point 
M III The point of maximum 
projection in the midline of the 
parietal bones 
36,37 Porion R/L III The point superior to the 
external auditory meatus 
38,39 Radiometer Point R/L III The deepest point located inside 
the external auditory meatus 
40 Supraglabella  M III The point between glabella and 
the frontal eminence in the 
midsagittal plane of the frontal 
bone 
41 Subspinale M II The point of deepest curvature 
between prosthion and the 
anterior nasal spine 
42 Staurion M I The point of intersection of the 
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palatine and the maxillary 
bones 
43,44 Stephanion R/L I The point of intersection of the 
inferior temporal line with the 
coronal suture 
45 Vertex Radius 
Point 
M III The deepest point located inside 
the external auditory meatus 
46,47 Nasomaxillary 
Suture Pinch 
R/L II The point of minimum distance 
between the left and right 
nasomaxillary sutures 
48,49 Maximum Frontal 
Point 
R/L II The maximum breadth of the 
frontal bone 
50,51 Zygomaxilare  R/L II The most inferior point on the 
zygomaticomaxillary suture 
52,53 Zygoorbitale  R/L I The intersection of the 
zygomaticomaxillary suture at 
the orbital margin 
54,55 Zygotemporale 
inferior 
R/L II The most inferior point on the 
zygomaticotemporal suture 
56,57 Zygotemporale 
superior 
R/L II The most superior point on the 
zygomaticotemporal suture 
 
Statistical Methods 
A total of 334 individuals of European descent were digitized from the Dart and 
Pretoria Skeletal Collections. A Microscribe 3DX digitizer was used to digitize a 
maximum of 67 landmarks per individual. The data was initially collected through Data 
Advantage Architect which saved the coordinates in a 3D format (xyz coordinates) of 
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each individual separately. All 334 individuals were saved into a single excel file in order 
to undergo statistical analyses through MorphoJ. Once the coordinates for all individuals 
were formatted properly in Excel, the file was saved as a “.txt” (tab delimited) file which 
was then imported into MorphoJ. Through the software program, outliers in both 
individuals and landmarks could be detected. Upon further analysis of the outliers, 21 
individuals and 10 landmarks were excluded from statistical analyses. Therefore, a total 
of 313 individuals and 57 landmarks were used in the analysis of secular change in the 
Dart and Pretoria Skeletal Collections.     
A total of 67 landmarks were initially digitized using the software program 3Skull 
which was developed by Dr. Steve Ousley of Mercyhurst Institute. All raw data was 
formatted into Microsoft Excel which was then imported into a software program known 
as MorphoJ (The University of Manchester), an integrated program package created by 
Dr. Chris Klingenberg (2011) to conduct geometric morphometric analyses. Utilizing 
MorphoJ, outliers were assessed and then eliminated from the dataset. Consequently, a 
total of 57 remaining landmarks remained.  
 The following step-by-step guide demonstrates the work conducted using 
MorphoJ to run the various statistical analyses.  
 1. File > Create new project/new dataset.   
 2. Make sure the file imported as the new dataset follows all formatting rules. The 
first line of the file is the header and thus not read.  
 3. File > Import Classifier variables 
 4. Preliminaries > Edit Covariates (add Year of Birth) 
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 5. Preliminaries> Run Procrustes Fit 
 6. Pair/Unpaired landmarks accordingly  
 7. Preliminaries > Generate covariate matrix   
 8. Variation > Run Principal Components Analysis  
9. Covariation > Run multivariate regression of symmetric component of the 
Procrustes coordinates against Year of Birth covariate  
10. Comparison > Run canonical variates analysis on collection  
11. Comparison > Run canonical variates analysis on late vs. early years  
 
 
The figure below represents the wireframe created via MorphoJ utilizing the 
landmarks digitized via 3Skull. 
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Figure 8. Wireframe of landmarks listed in Table 6 produced using MorphoJ. 
 
MorphoJ allows the user to run a variety of statistical tests. Of interest to this 
project were running the data through Principal Components Analysis, a multivariate 
regression, and Canonical Variates Analysis. Following the model of Weisensee and 
Jantz (2011), the first step in the analysis of three-dimensional landmark coordinate data 
was to align all of the specimens into a common coordinate system. As described in 
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Chapter 2, this type of alignment uses a registration-free system. Specifically, a 
generalized Procrustes least-squares superimposition method was used to accomplish this 
through fixing non-shape related variation due to specimens’ position, size, and rotation 
(Rohlf and Slice 1990). Shape variation of the cranium can be broken down to symmetric 
and asymmetric components. The bilateral symmetry of the skull must be taken into 
account or else statistical errors will occur resulting in “ill-conditioned covariance 
matrices.” Following methods outlined in Klingenberg et al. (2002), the issue of 
symmetry can be addressed. Only the symmetric component was used which allowed for 
the avoidance of statistical problems (Klingenberg et al. 2002, Drake and Klingenberg 
2008).  
Once again, following the methodology of Weisensee and Jantz (2011), a 
multivariate regression of the symmetric components of the Procrustes coordinates on the 
year of birth was used to examine shape change over time. Specifically, a permutation 
test with 10,000 permutations was used to evaluate the significance of the regression 
results (Good 2000). The Procrustes metric (Goodall 19991; Klingenberg 2008) was used 
to calculate the percent of total shape variation provided by the regression model. This 
serves as an informal indicator of the magnitude of the regression effects.  
A Canonical Variates Analysis (CVA) was conducted on the symmetric 
component of the shape variation to maximize separation between groups. The main 
reason to conduct this type of analysis is to simplify descriptions of differences between 
groups in the sample. Therefore, CVA provides a method for assessing the relative 
position of the birth cohorts. If secular trend exists in the data, then the birth cohorts will 
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be arranged by approximate chronological order. If the temporal component of the data 
does not explain the variation, then the birth cohorts will be arranged randomly.  
Multiple CVAs were conducted through subdividing the sample into a few 
different ways. First, the sample was divided into early and late year of birth with the cut-
off being 1910. Then the sample was divided into 25 year birth cohorts. Additionally, the 
same temporal groups were divided into the two different collections to test differences 
within the particular collection.   
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CHAPTER 4: RESULTS 
To briefly present the flow of statistical analyses, first a wireframe of the average 
shape of 313 individuals was created. Then a Principal Components Analysis (PCA) was 
conducted to determine any changes in cranial shape. After this was completed, a 
multivariate regression was run to determine the significance of shape change over time. 
Finally, different Canonical Variates Analyses separating groups were run to determine if 
these shape changes were indeed due to secular change. 
In order to understand the result of the PCA in graphic form, a wireframe was 
initially generated representing the average shape of the cranium for the 313 analyzed 
individuals. Figure 9 below illustrates the creation of the wireframe.  
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Figure 9. Wireframe for 56 landmarks averaging cranial morphology of 313 
individuals.   
These wireframes represent the average shape of all the data with enforced 
symmetry with each landmark 1-57 labelled. There are multiple paired landmarks that sit 
on top of each other to represent the pair. The top wireframe shows the superior view of 
the cranium while the bottom wireframe shows the lateral view. It should be noted that 
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landmarks such as prosthion and some typically digitized points around the maxillary 
teeth region were not documented due to the disproportionately high number of 
individuals with these landmarks either missing, resorbed, or broken.   
Principal Components Analysis (PCA) is one of the most widely utilized methods 
for exploratory multivariate analysis, as this particular analysis can be used to display the 
major features of shape variation (Klingenberg 2002). The percentage of variation 
explained is calculated as the deviations from the mean shape in all directions of the 
shape tangent space. Therefore, secular change may impact certain aspects of shape 
change but not others. Table 7 displays the result of the PCA analysis illustrating that 
Principal Component 1 (or PC1) is responsible for approximately 12% of the total 
variation. Around half of the variance can be explained within the first 7 principal 
components. 
 
Table 7. Principal Component Analysis: PCA: CovMatrix, 57Landmarks, 
Symmetric component 
 
 
Principal 
Components 
Eigenvalues 
% of 
Total 
Variance 
Explained 
Cumulative 
Variance 
Explained 
PC1 0.000968 11.907 11.907 
PC2 0.00078 9.589 21.496 
PC3 0.000632 7.769 29.266 
PC4 0.000542 6.662 35.927 
PC5 0.000525 6.46 42.388 
PC6 0.000445 5.468 47.856 
PC7 0.000405 4.976 52.832 
PC8 0.000334 4.107 56.939 
PC9 0.00027 3.314 60.253 
PC10 0.000256 3.152 63.406 
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PC11 0.000234 2.872 66.277 
PC12 0.000208 2.56 68.837 
PC13 0.000192 2.357 71.193 
PC14 0.000157 1.93 73.124 
PC15 0.000138 1.693 74.817 
PC16 0.000128 1.578 76.395 
PC17 0.000124 1.52 77.915 
PC18 0.000117 1.434 79.349 
PC19 0.000107 1.31 80.659 
PC20 9.94E-05 1.222 81.881 
PC21 9.75E-05 1.199 83.08 
PC22 8.76E-05 1.077 84.158 
PC23 7.97E-05 0.98 85.138 
PC24 7.37E-05 0.907 86.045 
PC25 6.73E-05 0.828 86.872 
PC26 6.47E-05 0.795 87.668 
PC27 5.83E-05 0.717 88.384 
PC28 5.56E-05 0.684 89.068 
PC29 5.18E-05 0.637 89.705 
PC30 4.83E-05 0.594 90.298 
PC31 4.53E-05 0.557 90.856 
PC32 4.26E-05 0.524 91.38 
PC33 3.93E-05 0.483 91.862 
PC34 3.78E-05 0.465 92.327 
PC35 3.58E-05 0.44 92.767 
PC36 3.39E-05 0.417 93.184 
PC37 3.33E-05 0.409 93.593 
PC38 2.99E-05 0.367 93.96 
PC39 2.91E-05 0.358 94.318 
PC40 2.74E-05 0.337 94.655 
PC41 2.65E-05 0.325 94.981 
PC42 2.46E-05 0.302 95.283 
PC43 2.41E-05 0.296 95.579 
PC44 2.31E-05 0.284 95.862 
PC45 2.04E-05 0.25 96.113 
PC46 2E-05 0.245 96.358 
PC47 1.89E-05 0.233 96.591 
PC48 1.82E-05 0.224 96.815 
PC49 1.68E-05 0.206 97.021 
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PC50 1.63E-05 0.201 97.222 
PC51 1.55E-05 0.191 97.412 
PC52 1.37E-05 0.168 97.581 
PC53 1.23E-05 0.151 97.731 
PC54 1.2E-05 0.147 97.878 
PC55 1.16E-05 0.142 98.021 
PC56 1.07E-05 0.131 98.152 
PC57 1.01E-05 0.124 98.276 
PC58 9.5E-06 0.117 98.392 
PC59 9.04E-06 0.111 98.504 
PC60 8.66E-06 0.107 98.61 
PC61 8.09E-06 0.1 98.71 
PC62 7.77E-06 0.096 98.805 
PC63 7.33E-06 0.09 98.895 
PC64 6.97E-06 0.086 98.981 
PC65 6.85E-06 0.084 99.065 
PC66 6.49E-06 0.08 99.145 
PC67 5.88E-06 0.072 99.217 
PC68 5.51E-06 0.068 99.285 
PC69 5.27E-06 0.065 99.35 
PC70 5.06E-06 0.062 99.412 
PC71 4.89E-06 0.06 99.472 
PC72 4.46E-06 0.055 99.527 
PC73 4.23E-06 0.052 99.579 
PC74 4.11E-06 0.051 99.629 
PC75 3.99E-06 0.049 99.679 
PC76 3.6E-06 0.044 99.723 
PC77 3.51E-06 0.043 99.766 
PC78 2.93E-06 0.036 99.802 
PC79 2.74E-06 0.034 99.836 
PC80 2.11E-06 0.026 99.862 
PC81 2.05E-06 0.025 99.887 
PC82 1.89E-06 0.023 99.91 
PC83 1.56E-06 0.019 99.929 
PC84 1.55E-06 0.019 99.948 
PC85 1.46E-06 0.018 99.966 
PC86 1.11E-06 0.014 99.98 
PC87 9E-07 0.011 99.991 
PC88 7.3E-07 0.009 100 
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Figure 10. Wireframe demonstrating PCA of 313 individuals with enforced 
symmetry, superior view. 
 
This wireframe represents the superior view of the cranium. The light blue 
represents the average shape of the 313 individuals included in the analysis. The dark 
blue wireframe represent the change in shape over time. From this viewpoint, changes 
occur predominantly on the lateral sides and base of the cranium. The lateral planes of the 
cranium expand even more laterally and shift anteriorly. In addition, the base of the 
cranium shifts posteriorly. The facial region of the cranium does not appear to change.  
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Figure 11. Wireframe demonstrating Principal Component Analysis (PCA) of 313 
individuals with enforced symmetry, lateral view. 
	  
This wireframe represents a lateral or sagittal view of the cranium after the data 
underwent Principal Components Analysis (PCA). The light blue wireframe represents 
the starting (or mean) shape of the 313 individuals included in the analysis. The dark blue 
wireframe represents the target shape (or the mean shape plus the shape change that 
corresponds to an increase of 0.1 units of Procrustes distance in the direction of PC1 
(Klingenberg 2002). The largest changes occur in multiple regions, predominantly in the 
base and vault of the cranium. The frontal and posterior parietal bone regions shift 
superiorly. The base of the skull appears to shift more inferiorly. Lambda also moves 
slightly in the anterior direction of the cranium. The mastoid process shifts posteriorly. 
There are no signs of changes to the facial region.   
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Figure 12. Results of the multivariate regression of shape score on year of birth with 
an R2 value of 0.1247.  
 
The results of the multivariate regression of shape on year of birth demonstrate 
that skull shape in the two South African collections changed significantly from 1858-
1956. The multivariate regression of shape on year of birth was significant for the males 
(P=0.0003). The R2 value of the regression scores explained by regression on year of 
birth for males is 0.125, although year of birth explains about only 1 percent of total 
shape variation.  
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Figure 13. Bar graph illustrating percentage variance contributed by each principal 
component.  
 
This figure represents the total variance contributed by the principal components 
of the data. The majority of the variance in this data can be explained within the first 10 
of 88 principal components. PC1 explains about 11% of the variance.  
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Figure 14. CVA of entire sample separated into two groups, early vs late year of 
birth individuals. 
Figure 13 illustrates the first two canonical vectors, which together account for 
71.7% of the variation. The first axis separates out the Dart from Pretoria Skeletal 
Collection and accounts for 63.8% of the variance. The second axis accounts for 8.2% of 
the variation but does not show clear signs of secular change. The CVA results do not 
provide evidence of the significance of secular change in the sample.  
 
 
 
 
 
	  	  
57 
 
Figure 15. CVA of entire sample subdivided into 25 year birth cohorts.  
 
This CVA in Figure 14 represents all the individuals separated into 25 year 
cohorts. If secular change is present, then there will be chronological progression 
upwards of the separated groups. In this graph, you can see that the red individuals are 
grouped at the bottom, but then the next group is green, followed by blue and yellow and 
then purple. Therefore, the progression is not chronological as would be expected in a 
group that shows secular change.  
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Figure 16. CVA of sample subdivided into each collection and early vs. late year of 
birth cohorts. 	  
Canonical variates analysis was then conducted to determine the presence of 
secular change in both skeletal samples. The first CVA split the data into each collection 
and looked at the individuals born before and after 1910 to determine any difference 
between the two eras. The presence of secular change would demonstrate a chronological 
representation of the data with individuals born before 1910 showing a lower CV2 scored 
compared to individuals born after 1910. This figure demonstrates that in the Dart 
Skeletal Collection, the opposite is occurring. Individuals born before 1910 actually 
scored a higher CV2 value compared to individuals born after 1910. On the other hand, 
the Pretoria skeletal collection remains inconclusive on the role of secular change. There 
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is no clear separation between the two eras as demonstrated by the overlapping data 
points.  
	  
Figure 17. CVA of sample subdivided into each collection and 25 year birth cohorts.  
 
A second CVA was performed analyzing each collection with individuals 
separated into five 25 year cohorts starting from 1850. Similarly, the presence of secular 
change would manifest in a chronological ordering of the cohorts with the individuals 
born earlier scoring a lower CV2 valued compared to individuals born more recently. 
This test shows that the Dart collection does not clearly reflect the presence of secular 
change. The individuals born in the mid-19th century have a higher CV2 score compared 
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to the individuals born in the mid-20th century. The Pretoria Collection, however, 
potentially reflect a small presence of the role of secular change occurring in the 
population. Individuals born in the mid- to late-19th century have a lower CV2 score 
compared to individuals born in the early- to mid-20th century. However, it should be 
noted that in general, the small spread of the data does not allow for a conclusive 
statement about the role or importance of secular change.   
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CHAPTER 5: DISCUSSION AND CONCLUSION 
The results produced an interesting and rather quizzical phenomenon that does not 
easily reflect a clear answer to the question of the presence of secular change in the 
European South African males of the Dart and Pretoria Skeletal Collections. Given the 
different outputs of the Canonical Variates Analyses (CVA), a variety of reasons to 
explain the results are explored. The heated debate surrounding potential reasons for 
secular change revolves primarily around the influence and significance of the 
environment versus genetic factors in determining the presence and level of changes 
occurring. As mentioned earlier, some authors argue that secular change predominantly 
lies in the environmental influences whereas other scholars emphasis the need to include 
genetic factors into the discussion.  
 
Proximate and Ultimate Causes  
One approach to answer questions related to this topic is by looking through the lens 
of proximate and ultimate causes. Ultimate causes refer to the explanation at the 
evolutionary level (the reason to promote survival) whereas proximate causes refer to the 
immediate cause and mechanism of the change (OpenStax College 2013).  
An example to help better understand the situation is through answering the 
following: why do male songbirds sing? The ultimate explanation would be because 
singing is served to attract females and defend territory from other males. Therefore, 
males were selected for singing over evolutionary time. The proximate explanation is that 
increased daylight in the spring leads to increased testosterone production, which acts to 
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activate a brain center that controls singing.  An additional factor to consider is the role of 
experience in song-learning. In short, proximate causes look at the mechanistic 
explanation while the ultimate cause looks at the evolutionary basis.  
Referring back to the human skeletal collection, there are many other factors that 
need to be taken into consideration in order to better understand the role proximate and 
ultimate causes play in the changing and unchanging aspects of the craniofacial 
morphology. For example, mortality rates and migration patterns over time will 
significantly affect the genotypic makeup of the population thus influencing morphology. 
Additionally, factors such as dietary restrictions and intake as well as access to health 
care can also affect the phenotypic makeup of modern populations.  
Currently, the role of proximate and ultimate causes is a topic that needs to be further 
explored. Researchers such as Weisensee, Jantz, and Wescott are contributing to the 
discussion, highlighting the importance of including genetic variation and evolutionary 
change to the conversation.   
 
Other Explanations  
There are multiple other reasons behind the inconclusive nature of this data which 
will be explored in detail. Firstly, there are a total of 313 individuals used in this analysis. 
The viability of the data for this specific subpopulation of European South Africans may 
affect the results. Many studies on secular change utilize samples larger than the current 
study. For instance, Weisenseee and Jantz (2011) digitized 551 individuals. In the Martin 
and Danforth (2009) study, over 1000 mandibles were analysed. Finally, over 500 medial 
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clavicles were studied in the research on secular change conducted by Shirley and Jantz 
(2011) comparing 19th and 20th century American maturity rates. What is the minimum 
number of samples needed in order to conclusively state that the data does or does not 
show secular change? Does the type of bone or region of the skeleton being studied 
influence the number of specimens required for a reliable analysis? Therefore, does the 
lack of presence of secular change in these two skeletal collections truly reflect no secular 
change or is this merely a reflection of lack of data in the analysis?  
Secondly, the conclusion that there is no or very little secular change contributing 
the changes in craniofacial morphology of each skeletal collection can be accepted and 
other reasons for this can be explored. For instance, there are notable contributing factors 
researchers have explored in other regions of the world that do demonstrate secular 
change in the cranium. As stated by Weisensee and Jantz (2011), the occurrence of 
demographic transition, or booming industrial revolution and greater urbanization, 
significantly affected the livelihoods of populations. This was not a unique phenomenon 
of Portugal. The Industrial Revolution in the Americas as well as the slave trade from 
Africa caused paramount shifts in the lives of these populations. Jantz and Meadows 
Jantz (1999) demonstrated the change in vault size and the base of the cranium and 
explained this as a result of economic and social changes to society.  
The culture and history of South Africa is unique. There are myriad of questions 
that should be posed to help thoughtfully reflect upon this. Did the European South 
Africans have similar socioeconomic experiences and changes compared to other 
populations worldwide? Has enough time passed since Apartheid to reflect these changes? 
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In general, is there anything particularly unique to the European South African culture 
and tradition that could explain the lack of secular change occurring in their particular 
population? For example, have European South Africans continued to be more privileged 
compared to other skeletal populations where there is greater disparity between groups to 
reflect differences? European South Africans were not the target of persecution during 
Apartheid. Could the higher status of this population be a contributing factor to the lack 
of secular change present in the crania? Thinking about these issues creates a more 
holistic approach to answering the question of why there is a lack of secular change 
present in the population. .  
Another important consideration that should be explored is where the individuals 
of the skeletal collection came from. Generally speaking, individuals of the lower 
socioeconomic status would find themselves in skeletal collections because they are 
either unclaimed bodies or the families could not afford funerals for them. Therefore, 
they would be sent to universities to become part of skeletal collections for medical 
schools. With this in mind, do the European South Africans of this nature necessarily 
reflect the general population of European descent? Do differences exist between 
Europeans of different socioeconomic statuses and can this be manifested in the skeletal 
biology of these specific subpopulations? To simply put, do the individuals who belong 
to skeletal collections truly reflect the skeletal biology of the general population? This 
question is not solely a problem for research on secular change but for any research 
conducted on skeletal collections. The reliability of the data to reflect the truth about a 
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living population is assumed. The important question remains – can this assumption be 
made? 
Finally, the difference between the two collections is apparent through the CVA. 
The Dart collection shows greater separation between individuals born before and after 
1910 whereas there is a less clear division made for the Pretoria skeletal collection. The 
data from the Dart Collection appears to reflect the idea that more changes are occurring 
in this particular subpopulation. There are a variety of reasons for this potential difference: 
the number of individuals for analysis from the Dart Collection is greater than that of the 
Pretoria collection which could be a contributing factor, there were greater 
socioeconomic changes occurring in Johannesburg, or genetic changes to the cranium 
differed between the two regions.  
The Pretoria collection did potentially reflect some secular change occurring but 
the spread of the data was not conclusive on this matter. Why is there a difference 
between individuals from Johannesburg versus Pretoria? Are the two skeletal populations 
that different from one another to reflect one population showing no sign of secular 
change whilst another may? If this is the case, this poses a question for all regarding the 
reliability of research that has utilized both collections in their studies. The sheer 
difference in the results of the CVA between the two collections, despite both being from 
European South Africans, calls into question the nature of the two collections being 
utilized in tandem. Why would these two populations differ as they are only located 
60km from one another?  The sensitive nature of changes to skeletal biology based on 
environmental differences could be reflected by these two populations.  
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Conclusion 
Give the timeframe to conduct this particular study, much more research can be 
conducted related to studying the changes in skeletal biology. For instance, this study 
only looked at the males; however, does the trend, or lack thereof, found here also apply 
to the females of this subpopulation. One concern in continuing with this sex is the 
potential lack of viable samples to analyse the data. Initially, the maximum number of 
males in the sample totaled 402 samples. However, due to factors such as missing 
calottes, broken facial bones, and too many missing landmarks, the sample eventually 
dropped down to 313 remaining observations.  
Similar research can be conducted in Europe which would provide an insightful 
comparison between the European immigrants in South Africa compared to their local 
European counterparts. As mentioned previously, likely founder’s effect and admixture 
may contribute to a changing South African European population osteologically. 
Therefore, the originating population should indeed have different skeletal structures. A 
study conducted on this hypothesis could provide insightful information on the power of 
genetics and environmental influences on the human skeleton. Are there any differences 
between these two population groups? If so, what kind of changes are there and what 
could the potential motivating reasons be? The particular population groups of interest 
would be the Dutch, German, and English. It would be of great academic interest to study 
the trajectory of change for these populations separated both geographically and 
culturally. The different socioeconomic hardships, or as Weisenseee and Jantz state 
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“demographic transitions,” each group has faced over a couple centuries could potentially 
influence any changes.  
Another study that would be of interest to progress this research is the analysis of 
postcranial remains. It has been noted that secular change is potentially occurring in 
South Africa; however, geometric morphometrics has not been used to validate this 
hypothesis. Given the increasing number of individuals in each collection since the last 
study on secular change, it would be prudent to continue this line of research.  
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APPENDIX A  
Table A.1: Crania from the Pretoria Skeletal Collection 
# Accession # Year of Birth Year of Death Age at Death 
1 949 1871 1955 84 
2 4006 1882 1976 94 
3 4416 1888 1979 91 
4 3663 1892 1973 81 
5 4481 1892 1970 78 
6 5304 1898 1988 90 
7 4194 1901 1978 77 
8 4459 1905 1979 74 
9 5343 1906 1988 82 
10 5587 1907 1991 84 
11 5650 1907 1992 85 
12 5759 1907 1993 86 
13 5570 1908 1991 83 
14 5581 1908 1991 83 
15 5748 1908 1993 85 
16 5839 1908 1994 86 
17 5127 1909 1987 78 
18 5923 1909 1995 86 
19 5434 1910 1990 80 
20 5784 1910 1993 83 
21 6260 1910 1999 89 
22 4827 1911 1984 73 
23 5573 1911 1991 80 
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24 5849 1911 1994 83 
25 4377 1912 1970 58 
26 5066 1912 1986 74 
27 5571 1912 1991 79 
28 5684 1912 1992 80 
29 5812 1912 1993 81 
30 5821 1912 1993 81 
31 6241 1912 1999 87 
32 6341 1912 2001 89 
33 5501 1913 1990 77 
34 5777 1913 1993 80 
35 5799 1913 1993 80 
36 6253 1913 1999 86 
37 4458 1914 1979 65 
38 5930 1914 1995 81 
39 6205 1914 1998 84 
40 6206 1914 1998 84 
41 6230 1914 1999 85 
42 4290 1915 1978 63 
43 4877 1915 1984 69 
44 5200 1915 1987 72 
45 5857 1915 1994 79 
46 6067 1915 1993 78 
47 6105 1915 1997 82 
48 6375 1915 2001 86 
49 4046 1916 1976 60 
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50 4760 1916 1983 67 
51 5476 1916 1990 74 
52 5719 1916 1992 76 
53 5792 1916 1993 77 
54 6007 1916 1996 80 
55 3866 1917 1975 58 
56 4866 1917 1984 67 
57 4985 1917 1986 69 
58 5518 1917 1991 74 
59 5592 1917 1991 74 
60 5873 1917 1994 77 
61 5916 1917 1994 77 
62 6274 1917 1999 82 
63 4539 1918 1980 62 
64 5842 1918 1994 76 
65 6304 1918 2000 82 
66 4601 1919 1981 62 
67 5677 1919 1992 73 
68 5754 1919 1993 74 
69 5811 1919 1993 74 
70 5858 1919 1994 75 
71 4063 1920 1977 57 
72 5805 1920 1993 73 
73 4253 1921 1978 57 
74 4537 1921 1980 59 
75 4953 1921 1985 64 
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76 5523 1921 1991 70 
77 5840 1921 1994 73 
78 5893 1921 1994 73 
79 6302 1921 2000 79 
80 4325 1922 1978 56 
81 4807 1922 1984 62 
82 5418 1922 1990 68 
83 5822 1922 1993 71 
84 5949 1922 1995 73 
85 6033 1922 1996 74 
86 6216 1922 1998 76 
87 4837 1923 1984 61 
88 5800 1923 1993 70 
89 5978 1923 1995 72 
90 6283 1923 2000 77 
91 6333 1923 2000 77 
92 6364 1923 2001 78 
93 6367 1923 2001 78 
94 4594 1924 1981 57 
95 5347 1924 1988 64 
96 5935 1924 1995 71 
97 6306 1924 2000 76 
98 5225 1925 1987 62 
99 5924 1925 1994 69 
100 4372 1926 1979 53 
101 5328 1926 1988 62 
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102 6196 1926 1998 72 
103 6381 1926 2001 75 
104 4828 1927 1984 57 
105 5683 1927 1992 65 
106 5925 1927 1995 68 
107 6198 1927 1998 71 
108 4965 1928 1985 57 
109 5092 1928 1986 58 
110 6327 1928 2000 72 
111 5997 1929 1996 67 
112 5875 1930 1994 64 
113 6288 1930 2000 70 
114 6307 1930 2000 70 
115 6219 1932 1999 67 
116 6387 1932 2001 69 
117 5848 1933 1994 61 
118 5387 1934 1989 55 
119 5388 1934 1989 55 
120 5608 1934 1991 57 
121 5755 1934 1993 59 
122 4170 1935 1977 42 
123 4818 1935 1984 49 
124 5155 1936 1987 51 
125 5694 1936 1992 56 
126 6116 1937 1997 60 
127 6031 1938 1996 58 
	  	  
73 
128 5688 1940 1992 52 
129 5832 1940 1994 54 
130 5866 1940 1994 54 
131 6348 1940 2001 61 
132 5626 1941 1992 51 
133 6228 1944 1999 55 
134 6316 1944 2000 56 
135 5960 1946 1995 49 
136 6343 1947 2001 54 
137 6008 1948 1996 48 
138 6269 1948 1999 51 
139 5999 1949 1996 47 
140 6374 1950 2001 51 
141 5559 1951 1991 40 
142 6264 1954 1999 45 
143 6512 1982 2004 22 
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Table A.2: Crania from the Raymond A. Dart Skeletal Collection 
 
# Accession # Year of Birth Year of Death Age at Death 
1 A1289 1851 1943 92 
2 A495 1853 1921 68 
3 A5 1858 1924 66 
4 A138 1863 1930 67 
5 A2209 1864 1959 95 
6 A1240 1865 1942 77 
7 A217 1867 1930 63 
8 A1257 1871 1943 72 
9 A2091 1871 1956 85 
10 A2223 1871 1962 91 
11 A2029 1873 1956 83 
12 A2022 1874 1955 81 
13 A2422 1875 1963 88 
14 A2730 1875 1966 91 
15 A2308 1876 1962 86 
16 A2346 1877 1963 86 
17 A2010 1878 1956 78 
18 A2408 1878 1964 86 
19 A2104 1879 1957 78 
20 A2324 1879 1962 83 
21 A2439 1879 1963 84 
22 A2595 1879 1964 85 
23 A2477 1879 1965 86 
24 A2663 1879 1965 86 
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25 A2198 1880 1960 80 
26 A2321 1880 1962 82 
27 A2441 1880 1963 83 
28 A1948 1881 1955 74 
29 A2007 1881 1956 75 
30 A1986 1881 1956 75 
31 A2110 1881 1958 77 
32 A2366 1882 1952 70 
33 A1974 1882 1955 73 
34 A2334 1882 1963 81 
35 A1231 1883 1941 58 
36 A2023 1883 1956 73 
37 A1997 1883 1956 73 
38 A1940 1883 1956 73 
39 A2845 1883 1966 83 
40 A2315 1884 1962 78 
41 A2197 1885 1959 74 
42 A2301 1886 1962 76 
43 A2518 1886 1965 79 
44 A2752 1886 1967 81 
45 A2444 1887 1963 76 
46 A2700 1887 1967 80 
47 A1 1887 1922 35 
48 A1992 1888 1956 68 
49 A2740 1888 1966 78 
50 A2428 1889 1963 74 
	  	  
76 
51 A2050 1890 1957 67 
52 A2490 1890 1963 73 
53 A2744 1890 1966 76 
54 A2738 1890 1967 77 
55 A1996 1891 1956 65 
56 A2250 1891 1960 69 
57 A2259 1891 1961 70 
58 A2285 1891 1963 72 
59 A2081 1893 1957 64 
60 A2979 1893 1972 79 
61 A2436 1894 1960 66 
62 A2276 1894 1960 66 
63 A2658 1894 1966 72 
64 A2694 1894 1968 74 
65 A2196 1895 1959 64 
66 A2368 1895 1963 68 
67 A2478 1895 1965 70 
68 A2765 1895 1967 72 
69 A2293 1896 1963 67 
70 A2524 1896 1964 68 
71 A2731 1896 1966 70 
72 A2219 1897 1961 64 
73 A2671 1897 1966 69 
74 A2695 1897 1968 71 
75 A704 1898 1937 39 
76 A1334 1898 1945 47 
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77 A2461 1898 1964 66 
78 A2460 1898 1966 68 
79 A3546 1898 1987 89 
80 A2210 1900 1959 59 
81 A2218 1900 1961 61 
82 A2500 1900 1966 66 
83 A3575 1900 1987 87 
84 A2195 1901 1959 58 
85 A2311 1901 1961 60 
86 A2220 1902 1962 60 
87 A3536 1902 1987 85 
88 A2396 1903 1965 62 
89 A3873 1903 1994 91 
90 A2186 1904 1961 57 
91 A2710 1904 1967 63 
92 A2925 1904 1972 68 
93 A3738 1904 1988 84 
94 A2432 1905 1963 58 
95 A2447 1905 1963 58 
96 A2665 1905 1965 60 
97 A2761 1905 1966 61 
98 A3088 1906 1975 69 
99 A3633 1906 1990 84 
100 A3848 1906 1993 87 
101 A2701 1907 1967 60 
102 A3964 1907 1995 88 
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103 A3581 1908 1988 80 
104 A3969 1908 1996 88 
105 A2047 1909 1957 48 
106 A2176 1909 1958 49 
107 A2395 1909 1965 56 
108 A3036 1909 1974 65 
109 A3626 1909 1988 79 
110 A3661 1909 1989 80 
111 A3693 1909 1990 81 
112 A3701 1909 1991 82 
113 A2344 1910 1963 53 
114 A2594 1910 1966 56 
115 A2733 1910 1966 56 
116 A2703 1910 1966 56 
117 A3872 1910 1994 84 
118 A2031 1911 1956 45 
119 A2284 1911 1962 51 
120 A2479 1911 1966 55 
121 A2222 1912 1962 50 
122 A2449 1912 1963 51 
123 A2686 1912 1966 54 
124 A3572 1912 1987 75 
125 A3712 1912 1991 79 
126 A3690 1912 1992 80 
127 A1959 1913 1955 42 
128 A2362 1913 1963 50 
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129 A2491 1913 1964 51 
130 A2727 1913 1967 54 
131 A2647 1913 1967 54 
132 A3493 1913 1986 73 
133 A3651 1913 1991 78 
134 A2361 1914 1962 48 
135 A3514 1914 1986 72 
136 A3700 1914 1991 77 
137 A3979 1914 1998 84 
138 A3640 1915 1989 74 
139 A3636 1915 1991 76 
140 A3569 1916 1987 71 
141 A3942 1916 1996 80 
142 A2456 1917 1966 49 
143 A2742 1917 1968 51 
144 A3655 1917 1989 72 
145 A1926 1918 1956 38 
146 A2643 1918 1967 49 
147 A3035 1918 1973 55 
148 A3709 1918 1990 72 
149 A4028 1918 1999 81 
150 A3594 1919 1988 69 
151 A3675 1919 1988 69 
152 A4070 1919 2000 81 
153 A3903 1920 1994 74 
154 A3922 1920 1995 75 
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155 A3907 1920 1996 76 
156 A3981 1920 1997 77 
157 A3276 1921 1979 58 
158 A3669 1921 1991 70 
159 A3921 1921 1995 74 
160 A3521 1922 1986 64 
161 A3920 1922 1994 72 
162 A4056 1922 2000 78 
163 A2719 1923 1967 44 
164 A3726 1923 1990 67 
165 A4065 1924 2000 76 
166 A3932 1924 1994 70 
167 A3973 1925 1996 71 
168 A4000 1927 1997 70 
169 A4061 1927 1999 72 
170 A4051 1928 1999 71 
171 A3884 1929 1994 65 
172 A3928 1929 1994 65 
173 A2187 1930 1961 31 
174 A4071 1930 2000 70 
175 A4046 1930 1999 69 
176 A3978 1930 1997 67 
177 A4089 1931 2002 71 
178 A2951 1932 1972 40 
179 A3650 1932 1991 59 
180 A4030 1932 1999 67 
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181 A3852 1933 1993 60 
182 A4029 1934 1999 65 
183 A3962 1934 1994 60 
184 A4091 1934 2000 66 
185 A2294 1935 1963 28 
186 A3843 1935 1992 57 
187 A4080 1937 1999 62 
188 A3627 1939 1988 49 
189 A4066 1940 2000 60 
190 A4081 1940 2000 60 
191 A3046 1941 1973 32 
192 A3853 1942 1993 51 
193 A3542 1943 1987 44 
194 A3926 1945 1995 50 
195 A4088 1946 2000 54 
196 A3933 1946 1994 48 
197 A3545 1947 1987 40 
198 A4072 1947 1999 52 
199 A4092 1947 2001 54 
200 A3658 1948 1991 43 
201 A3648 1949 1991 42 
202 A3948 1950 1995 45 
203 A4090 1955 2002 47 
204 A3902 1956 1996 40 
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• Catalogued hundreds of DNA samples and updated e-database with past cases  
 
Marquand Library of Art and Archaeology, Princeton, NJ  
Reserves Desk Captain, 2008 – 2011   
• Managed 25 student librarian staffing schedules to ensure continual desk coverage and 
smooth library operations  
• Aided patrons in the retrieval of books and difficulties with technical equipment  
• Fostered healthy and comfortable working environment for all student workers  
 
Professional Organizations  
 2014 – present American Association of Physical Anthropologists 
  2014 – present   Paleopathology Association  
  2014 – present   Paleoanthropology Association   
 
Additional Information    
  Languages   Mandarin (Advanced), Arabic and Spanish (Basic) 
Equipment Leica Total Station Mapping with TDS Recon Data 
Logging using Survey Pro Software, Microscribe 3D 
Digitizing, Buehler MetaServ250 Grinder-Polisher  
Software 3Skull, ADBOU, FORDISC, MorphoJ, OsiriX, PastPerfect, 
DonorPerfect, Microsoft Office Suite   
Taekwondo 6x National Collegiate Team Member and 3x Team 
Captain, 3x Female Athlete of the Year, 2x National 
Poomsae Team Member, 2010 World University Games 
Bronze Medalist, 2010 Student Leader Award, 2010 
President of Princeton Taekwondo Team, Eastern 
Collegiate Taekwondo Conference Tournament Committee 
Co-Chair  
Personal Lived in Beijing, China from 2004-2007 and graduated 
from the International School of Beijing with the 
International Baccalaureate Diploma  
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